Loss of expression of a tumor-suppressing gene is an attractive model to explain the cytogenetic and epidemiologic features of cases of myelodysplasia and acute myelogenous leukemia (AML) associated with bone marrow monosomy 7 or partial deletion of the long arm (7q-). We used probes from within the breakpoint region on 7q-chromosomes (7q22-34) that detect restriction fragment length polymorphisms (RFLPs) to investigate three families in which two siblings developed myelodysplasia with monosomy 7. In the first family, probes from the proximal part of this region identified DNA derived from the same maternal chromosome in both leukemias. The RFLPs in these siblings diverged at the more distal J3.11 marker due to a mitotic recombination in one patient, a result that suggested a critical region on 7q proximal to probe J3.11. Detailed RFLP mapping of the implicated region was then performed in two additional unrelated pairs of affected siblings. In these families, DNA derived from different parental chromosome 7s was retained in the leukemic bone marrows of the siblings. We conclude that the familial predisposition to myelodysplasia is not located within a consistently deleted segment on the long arm of chromosome 7. These data provide evidence implicating multiple genetic events in the pathogenesis of myelodysplasia seen in association with bone marrow monosomy 7 or 7q-.
Introduction
Complete monosomy 7 or partial deletion of the long arm (7q-) is a recurring cytogenetic abnormality in the bone marrows of patients with myelodysplasia and acute myelogenous leukemia (AML)l (1) (2) (3) (4) . The epidemiology of bone marrow monosomy 7 or 7q-is striking. Monosomy 7 or 7q-is the most common abnormal karyotype in cases of AML that occur after cytotoxic cancer therapy (1, 3) or occupational exposure to mutagens (5) . Bone marrow monosomy 7 or 7q-is also found in some patients with AML who have no prior history of car-cinogen exposure (3, 6) . The age distribution of these de novo cases shows peaks in the first and fifth decades (6) . Overall, monosomy 7 or 7q-is identified in -5% of de novo and in 40% of secondary cases of AML (1, (3) (4) (5) . Although childhood bone marrow monosomy 7 is an uncommon disorder, it has been observed in two or more siblings at least seven times (7-10, Lange, B. J., personal communication, and our unpublished data).
The Knudson model of oncogenesis proposes that two mutational events (or "hits") which inactivate homologous alleles are required for a target cell to express a malignant phenotype (1 1, 12) . Within the past two years, three groups have identified and cloned the first of this class of tumor suppressing genes-the retinoblastoma susceptibility gene (13) (14) (15) . The cytogenetic and epidemiologic characteristics of bone marrow monosomy 7 suggest that loss of function at a locus on 7q that normally limits myeloid proliferation is an important event in the development of myelodysplasia (1, 16) . If the pathogenesis of this leukemia indeed follows the Knudson model, familial cases would arise when affected siblings inherit the same abnormal copy of this gene from one parent as the first mutation. In young children with the nonfamilial type of monosomy 7, the first "hit" would occur in a parental gamete or during early embryogenesis (similar to the mechanism in sporadic retinoblastoma). In patients who develop AML as a second malignancy, the initial mutation is presumably induced by exposure to the carcinogen. In all three instances, subsequent deletion of the homologous normal allele in a hematopoietic progenitor would lead to deregulation of growth and clonal expansion.
If loss of activity at a single locus on 7q is sufficient to induce myelodysplasia, the putative gene should be located within the consistently deleted segment of the long arm (7q22-34) (1-4, 11, 12) . When applied to familial cases, this model predicts that the same parental chromosome (the one that carries the abnormal allele) will be retained in the leukemic bone marrows of siblings.
We used probes from the consistently deleted segment of chromosome 7 that identify restriction fragment length polymorphisms (RFLPs) to establish which parental chromosome was retained in the leukemic bone marrows of three unrelated pairs of siblings who developed AML with monosomy 7. The results of this analysis indicate that the familial predisposition to myelodysplasia is not located within this region on 7q.
Methods
Patients. Clinical features of family 1 have been the subject of a previous report (15) . Briefly, cytogenetic analysis of the bone marrow of a 6-yr-old girl with AML showed monosomy 7. Her 5-yr-old brother shared HLA antigens and bone marrow transplantation was consid-ered. However, hematologic evaluation of the brother revealed mild thrombocytopenia, erythrocyte macrocytosis, and a minor subpopulation of bone marrow cells with the monosomy 7 abnormality. Over 3 yr of observation, he developed hepatosplenomegaly and circulating blasts associated with 100% monosomy 7 in unstimulated bone marrow cells. He died of infectious complications after receiving a haploidentical bone marrow transplant from his mother. Leukemic bone marrow from both siblings, uninvolved tissue from the son, and parental blood were available for analysis. Detailed clinical and cytogenetic information on the other two kindreds has been described elsewhere (16) DNA extraction and Southern blot procedure. High molecular weight DNA was prepared from tissue specimens by standard methods that included overnight digestion at 55°C in a solution consisting of 100,g/ml ofproteinase K (Beckman Instruments, Inc., Palo Alto, CA) and 0.5% SDS in Tris-Borate-EDTA buffer. This was followed by phenol/chloroform extraction, ethanol precipitation, treatment with RNase followed by SDS, additional phenol and chloroform extractions, and ethanol precipitation. The DNA was suspended in TE buffer consisting of 10 mM Tris (pH 7.4) and 1 mM EDTA for digestion with restriction enzymes. A total of 5-10 gg of DNA was digested to completion with a variety of restriction endonucleases (New England Biolabs, Beverly, MA) according to manufacturer's instructions. After ethanol precipitation, the samples were resuspended in TE and separated by electrophoresis on 0.8% agarose gels. The gels were then stained with ethidium bromide, photographed, and transferred to nylon membranes (Hybond N; Amersham Corp., Arlington Heights, IL or Zetaprobe; Bio-Rad Laboratories, Richmond, CA).
Preparation of DNA probes. We obtained a series of single copy genomic DNA probes that detect RFLPs at loci on the long arm of chromosome 7. The specific probes and their locations on 7q are shown on Fig. 1 a. In the following list, the name of the probe used is given first and the locus or gene detected is indicated in parentheses. We are grateful to investigators who provided us with the following: Dr. Jeffery Browne (EPO (EPO) (18) Weiss. DNA probes were labeled to high specific activity with 32P-d-CTP using a commercial random priming kit (Multiprime DNA Labeling Kit; Amersham Corp.) and the filters were hybridized overnight. After washing, the filters were subjected to autoradiography.
Results
Family 1 . Five of the probes tested were informative in this family. Autoradiographs of genomic Southern blots for these markers are shown in Fig. 1 b. The type 1 plasminogen activator inhibitor gene (PAI-1) is located near the observed breakpoints in patients with myelodysplasia and partial deletion of the long arm (7q-) (30) and has been mapped to 7q 21.3-22 (27) . Digestion of genomic DNA with Hind III generates alleles of either 22 or 18 kb. As shown in Fig. 1 b, the father is homozygous for the 18-kb fragment, whereas the mother's digested DNA reveals both bands. Sibling 1 (the son) inherited a chromosome carrying the 22-kb allele from his mother and an 18-kb allele from his father. Absence of the 18-kb band in his monosomy 7 bone marrow indicates that maternal DNA is retained in the leukemic clone. Similarly, his sister's bone marrow contains the 22-kb allele, which must have originated on the same maternal chromosome. Probe NJ3 is derived from the alpha-2-collagen gene (Fig. 1 a) and detects alleles of 13.5 or 9.5 kb after digestion with Eco RI. Analysis with NJ3 reveals a unique 9.5 kb fragment inherited from the mother in the leukemic bone marrows of both children (Fig. 1 b) . Probe B79a (Fig. 1 a) detects alleles of either 10.6 or 8.4 kb after digestion with Msp I. The parents are homozygous for different alleles (Fig. 1 b) . As expected, analysis ofthe normal tissues of sibling 1 reveals both bands. The monosomy 7 bone marrows of both siblings shows a single band at 8.4 kb, confirming that the DNA in both leukemias originated on a maternal chromosome. After digestion with Msp I, probe J3.11 identifies an RFLP with alleles of 4.1 or 1.7 kb. Sibling 1 inherited a chromosome containing the 1.7-kb allele from his mother (who is heterozygous at this locus), and a 4.1-kb fragment from his father (who is homozygous for the 4.1-kb allele). The maternal 1.7-kb allele is present in his leukemic bone marrow, a result consistent with those obtained with more proximal markers. However, the leukemic bone marrow of sibling 2 shows a 4.1-kb fragment, indicating that the DNA originated on a different chromosome that she could have inherited from either parent. As shown in Fig. 1 b, analysis with the more distal C33 marker demonstrates a mitotic recombination in the leukemic bone marrow of sibling 2. Probe C33 detects alleles of 4.0, 3.5, or 3.0 kb in DNA digested with Eco RI. The mother is homozygous for the 3.0-kb allele; the father is heterozygous for the 3.5-and 3.0-kb alleles. The paternal chromosome bearing the 3.5-kb allele is seen in the normal tissue of sibling 1 and is lost from his bone marrow, indicating that maternal DNA is retained in the leukemic clone. In contrast, bone marrow from sibling 2 shows a 3.5-kb restriction fragment that she inherited from her father. A mitotic recombination must have occurred between the loci detected by probes B79a (D7S1 3) and C33 (D7S126) in the single chromosome 7 retained in the leukemic clone of sibling 2, because DNA from the mother is present proximally, while paternal DNA is observed after analysis with C33. Because RFLPs in the leukemic bone marrows already diverge at the locus detected by probe J3.11 (D7S8), it seems likely that the recombination occurred proximal to this site. Families 2 and 3. The results in family 1 suggested that a putative leukemia-suppressing locus might exist within the consistently deleted segment ofchromosome 7 proximal to the DNA sequence detected by probe J3.11 (7q21-31.1). To further test the underlying model, we examined this region in families 2 and 3. Data from the informative markers are presented in Table I (Fig. 1 a) DNA from the same maternal chromosome 7 was retained in both leukemic clones. Because of the small genetic distances involved, this is highly unlikely.
Discussion
These three families in whom two siblings developed myelodysplasia or AML with bone marrow monosomy 7 allowed us to directly test the hypothesis that inactivation of both alleles of a putative tumor-suppressing locus on the long arm of chromosome 7 is sufficient to cause myelodysplasia. The finding that the leukemic bone marrows of two of three pairs of siblings retained DNA inherited from different parental chromosomes argues against this proposed model. Molecular and cytogenetic investigation of patients with myelodysplasia and 7q-implicates 7q2 1-34 as the critical region of interest. Kere and associates (17, 30, 31) used probes which detect RFLPs to analyze loss ofheterozygosity in the 7q-bone marrows of four unrelated patients with myelodysplasia and concluded that the region distal to EPO and proximal to TCRB (Fig. 1 a) was consistently deleted. Cytogenetic analysis of patients with myelodysplasia and AML reveals many with partial deletions of the long arm of chromosome 7 (1-4). At least 20 such patients have much of the long arm deleted (q22-qter) (1-4) . In addition, a few cases have been observed with more limited interstitial (q22-q34) (3, 17, 31) or distal (q34-qter) (2, 3) deletions. Our results indicating that the genetic lesion responsible for the familial predisposition to myelodysplasia is not located within this commonly deleted segment might be interpreted in two ways. It is formally possible that loss of the long arm of chromosome 7 is an incidental finding in myelodysplasia and AML and that this loss is unrelated to the development and progression of the disease. A more likely hypothesis is that chromosome 7 deletions are "necessary but not sufficient" to cause myelodysplasia. According to this second model, at least one additional genetic lesion located outside of the deleted segment on chromosome 7 is required for the clinical disease. Although there is insufficient information to distinguish between these possibilities, the strong epidemiologic association of monosomy 7 with myelodysplasia and AML suggests that these chromosomal deletions are of pathogenic importance. An interesting question is whether these characteristic chromosome 7 deletions are accompanied by loss of function of both alleles (as appears to be the case in retinoblastoma), or leads to hemizygosity. Isolation of the putative gene from the long arm of chromosome 7 will be required to distinguish between these possibilities.
Recent studies in two familial cancers show that the inherited predisposition may not map within commonly deleted DNA segments. Multiple endocrine neoplasia type 2 (MEN2) is a dominant familial syndrome characterized by neoplasias of the thyroid, adrenal, and parathyroid. The familial predisposition to MEN2 maps to chromosome 10; however, nonrandom reduction to homozygosity has been demonstrated for alleles on chromosome 1 (32) (33) (34) . In addition, familial Wilms' tumor is not linked to the commonly deleted segment of chromosome 1 lp (35, 36) . In contrast to Wilms' tumor and MEN2, multigenerational families in whom bone marrow monosomy 7 is apparently transmitted as a single gene defect have not been described. However, ascertaining inheritance is difficult because children who develop the familial type of monosomy 7 rarely survive to reproductive age. Five of our six patients are dead and the sixth is alive with myelodysplasia and pancytopenia. The early age of onset in familial bone marrow monosomy 7 and the remarkable finding of at least seven unrelated pairs of siblings with this rare disorder (7) (8) (9) (10) are consistent with an inherited predisposition to cancer.
Results in monosomy 7, Wilms' tumor and MEN2 suggest the existence of two broad categories of familial cancer genes. In the first type, the familial tendency to develop cancer maps within the deleted segment of DNA. It is likely that homozygous loss of function at a single allele is sufficient to produce the malignant phenotype. Retinoblastoma is the prototype for this type of disorder. Cytogenetic and linkage data in multiple endocrine neoplasia type 1 (37) , familial adenomatous polyposis (38, 39) , and bilateral acoustic neuroma (neurofibromatosis 2) (40, 41) suggest that these neoplasms might follow this single locus model. A second group would include those cancers in which the inherited predisposition is not physically linked to commonly deleted segments of DNA. In these disorders, it seems likely that mutations of least two genes are required for the development of cancer. Wilms' tumor, MEN2, and familial bone marrow monosomy 7 apparently follow this second pattern. The recent demonstration ofmultiple accumulated genetic lesions in advanced stage glioma provides evidence supporting a multistep model of oncogenesis in some human cancers (42) .
In practical terms, the observation that familial bone marrow monosomy 7 does not map within the commonly deleted area will impede efforts to precisely identify a critical region on 7q. Future studies should focus on localizing the familial predisposition to facilitate counseling of affected families, and on defining where the putative myelodysplasia locus lies on 7q. Ultimately, molecular cloning of these myelodysplasia susceptibility genes and functional characterization of their protein products will afford insights into the control of hematopoietic differentiation and mechanisms of leukemogenesis. ronto) for their constant encouragement, advice, and for their willingness to share unpublished data and to hybridize filters with recently isolated probes. We obtained some patients samples through collaboration with the Childrens Cancer Study Group (CCSG Study B024 
